This study makes a first attempt to operationalize the safe operating space concept at a 12 regional scale by considering the complex dynamics (e.g. non-linearity, feedbacks, and 13
Methodological steps
soil salinity will increase through the rising of ground water level due to sea level rise 152 in this delta. Crop (rice) production is positively influenced by temperature, rainfall 153 and soil salinity. In the case of the social system, social indicators such as the share of 154 agricultural GDP, income and production costs are positively influenced by crop 155 production in this delta. However, crop production exhibits a weak influence on 156 quality of life indicators such as health, education and sanitation. These quality of life agriculture-related social (e.g. GDP, income, production cost) and ecological (e.g. 166 climate, water) systems. 167 The hypothesized system dynamic model (SI Figure 2 ) developed at the first step (the 168 conceptual system model) has been used to run in the simulation software STELLA. 169 In absence of mathematical relationships, regression (multivariate and linear) analysis 170 conducted in Hossain et al. (2016a) has been used to define the relationships between 171 variables in the system dynamic model. The empirical information such as coefficients 172 used for this run are given in SI Table 1 . 173 In parallel to the regression approach, the graphical function approach has been used 174 for parameter estimation of the variables. Graphical function is a built feature in 175 STELLA designed to enable relationships between variables to be quantified even 176 where there is little data. This can be done in three ways : 1) assuming the different 177 types relationships (e.g. linear, non-linear, s-shaped growth, oscillation) or probability 178 in absence of data and information about the system; 2) drawing or assuming the 179 relationships through stakeholder views and perceptions, in the absence of time-series 180 data to help develop tools for policy; 3) defining the relationships between variables 181 to be derived from imperfect data, such as where the length of time-series data is short 182 (< 30 data points) and where different time series datasets differ in length. For example, 183 in our case, the time series of soil salinity data is shorter in length compared to other 184 variables such as temperature and water -we therefore used the graphical function to 185 interpolate this relationship. 186 In this study, the time series data collected from official statistics, published reports 187 and articles have been used to define the relationships in the graphical function. These Table 2 ) also suggest that, simulation output using the graphical function (t 201 = 0.83, p > 0.40) corresponds well with the historical time series compared to the 202 simulation result obtained using empirical analysis (t = 4.7, p = 0.00). Therefore, we 203 have used the graphical function approach in the remainder of the modelling. The structure of the system dynamic model developed using empirical analysis is then 206 validated through engaging with stakeholders in the study area. Structural validation 207 procedures have been used to assess reliability and accuracy of the model structure, 208 the components and the interrelationships between components. Structural validation 209 has been emphasized over behaviour validation (Khan et al. 2009 ). The real behaviour 210 is impossible to validate, whereas, the reliability of the structure is important, so that 211 the model can demonstrate behavioural changes while testing the effects of policies 212 (Barlas 2000; Barlas 1996) . A participatory approach is becoming increasingly common Organizations and journalists engaged in agriculture, food security, water resource 229 management and soil salinity. We also interviewed experts to collect information on 230 threshold for agriculture. In our previous study (Hossain et al. 2016c) , system models 231 developed independently by stakeholders in the previous study are compared with weighting of 1 that is assigned to estimate the crop production. We have validated the 249 model and tested the sensitivity of the model before simulating the changes in the 250 social-ecological system that caused the social system to step out the safe operating 251 space. (Figure 3d ) and t-test results suggest that the modelled data compare and 258 that they occur within the observational uncertainty (95% confidence intervals) of 259 historical crop production time series.
260
As our models are informed and built using historical datasets, we tested the ability 261 of our model to predict changes in our study system re-running our model using two 262 subsets of our data - (1951-1980 and 1981-2010 ). The first training dataset 263 has been used to define the relationships between the variables in STELLA, and then the upstream of Ganges delta. The model was run for a period of 50 years. We limited 304 our analysis to these 'what if' scenarios as our main motivation is to make a first 305 approach to demonstrate the operationalisation of the safe operating space concept at 306 regional scale through a case study. Moreover, we aimed at understanding the 307 behaviour of the system, thus the simulation results should not be read quantitatively 308 in precise way. The extent to which the system moves beyond the recent envelope of variability.
323
However, with agricultural production the envelope is asymmetric with regards the 324 impact on society, with only exceedance of lower limits deemed to be unsafe. In the 325 study area, examination of the impact on society of the system moving outside the 326 envelope can be partly gauged from historical events, such as disasters and famine .
327
In summary, the dangerous zone is defined when both; 1) the system moves outside 328 the envelope of variability, and 2) this, in turn, causes a negative impact on society.
329
In this study, we used the base run (similar to historic data) simulation as the reference Hence, it will not be erroneous if we argue that, outside the envelope of variability 361 ( Figure 5 ) for crop production, income and GDP, the society will move out from the 362 safe operating space beyond which is dangerous to humanity.
363
As the main motivation is to make a first approach to demonstrate the safe operating 364 space at the regional scale, we limited our analysis to material wellbeing such as 365 income and GDP. This study can be extended in future by including social variables 366 (e.g. migration, food security) to define safe operating space. We have used the same 367 colour coding as our previous study (Dearing et al. 2014 ) to identify safe (green) and 368 dangerous (red) status in the social-ecological system. In addition, we also define 369 cautious state, where if the trends of social indicators are within normal envelope 370 variability but follow negative trends or are below the reference trend, but have not 371 used any colour coding for this state. increases by 80 cm and temperature rises by 3.5 o C, production decreases ~40% due 397 partly to the higher temperatures but also higher salinity caused by sea level rise. This 398 loss of production would be even higher if there is a withdrawal of all subsidies. 399 We also evaluated in scenarios 7 and 8 how the system will respond if there an increase 400 in the withdrawal of water from the upstream Ganges. Scenario 7 shows the 401 production losses from a 3.5 o C temperature increase and 20% withdrawal of water 402 are similar to scenario 5 which shows the impact of a 3.5 o C temperature increase and 403 an 80 cm sea level rise. We also evaluated in scenario 8 the impact of water withdrawal 404 (20%) during the dry season (Dec to May) as most rice varieties have their sowing and 405 growing seasons in this period. Thus, we hypothesized that a substantial reduction of 406 water in the dry season could lead to a rise in groundwater level due to sea level rise, 407 which will in turn increase soil salinity in this region. A similar impact shows while 408 simulating this scenario 8, which depicts that crop production, will be the lowest 409 compared to any other scenarios and will be stable over the time period of 50 years.
410
The massive decline in crop production mainly because of the salinity increase 411 (beyond the threshold of 4 dS.m -1 ) because of the water withdrawal and temperature 412 increase.
413
As a consequence of the dynamic relationships in the social-ecological systems, the and 6, income, production cost and GDP will also experience a rapid decrease after 10 420 years in the era of the 3.5 o C temperature rise and because of sea level rise, and 421 withdrawal of subsidy respectively. All these scenarios indicate that the social system 422 will respond negatively and will be more severely impacted by a 3.5 o C temperature 423 rise compared to a 2 o C temperature increase.
424 425 SI Figure 7 shows the early warning signal analysis of modelled crop production and 426 income for household time series data prior to exceeding the safe operating space.
427
Both the crop production and income records show decreasing variance for scenario 428 1, 2 and 3. However, the variance does increase for the base run. 
Discussion

432 433
This study attempts to define the safe operating space for the south-west coastal 434 Bangladesh delta using system dynamic modelling. The findings suggest that the 435 social-ecological system in the Bangladesh delta could move out of a safe space after 436 35 years due to a 2 o C temperature increase and sea level rise, and this would be 437 exacerbated by withdrawing the 50% subsidy for the agriculture sector. With a 3.5 o C 438 temperature increase, the system could move out of the safe space much earlier especially in combination with subsidy withdrawal (50%) and sea level rise. 440 Furthermore, the withdrawal of water discharges from the upstream of Ganges delta 441 through the Farakka Barrage could push the system towards a sharp decrease in crop 442 production, and the impact of this would be higher than the combined effects of sea 443 level rise and withdrawal of all subsidy in the era of the 3.5 o C rise in temperature.
444
However, if we consider water discharges in the dry season, which coincides with the 445 sowing and harvesting period for crops, the social-ecological system, could move into 446 the dangerous zone due to the 20% withdrawal of water discharges and the 3.5 o C 447 temperature rise. This is because of the capillary rise of seawater due to the 448 withdrawal of water discharges, leading to higher salinity, which is also triggered by 449 the interaction between soil salinity and temperature. The instability analysis of this study implies that the system may move beyond the This study can be extended in the future by: 1) testing other hypotheses (e.g. increase This study attempts to operationalize the safe operating space concept within the 509 south-west Bangladesh coastal area by considering the complex dynamics of the 510 social-ecological system through a system dynamics model.
512
Eight 'what if' scenarios for the period 2010s to 2060s reveals that a 3.5 o C temperature 513 increase over the period could be dangerous for the social-ecological system especially 514 when combined with sea level rise, withdrawal of water and loss of subsidies.
516
Maintaining the system within a safe operating space demands a temperature rise of 517 less than 2 o C over the period as agreed by the 2015 Paris Agreement. Strengthening 518 transborder negotiations for water resources management is also essential for 519 maintaining adequate water supply. . This approach can also be used as the basis for calculating 549 the regional burden of environmental pollution (e.g. CO2 emissions) or regional share of 550 resources in terms of equity. (ii) the doughnut framework (Raworth 2012 ) that defines 551 minimum boundaries for the Earth social system (Raworth 2012) Figure 3b and 3c illustrate 564 that model is not highly sensitive to any parameters. Figure 3d This system model developed using the empirical analysis, followed by stakeholder 570 engagement to validate the structure of the social-ecological system. The positive (+) and negative (-) signs denote respectively the positive and negative relationships between the 572 variables. In addition, the solid lines depicts the strong relationships, whereas, the dotted line 573 depicts the week relationship between the variables. 574
575
In our first approach of defining safe operating space at the regional scale, we did not model 576 the black marked variables because of the complexities and lack of information in defining the 577 relationships such as for migration, and also the fact that some of the human wellbeing (Rockström et al. 2009a,b) defines the biophysical boundaries of the Earth system, with later mapping of some boundaries to regional scales (Steffen et al 2015) . This approach can also be used as the basis for calculating the regional burden of environmental pollution (e.g. CO2 emissions) or regional share of resources in terms of equity. (ii) the doughnut framework (Raworth 2012 ) that defines minimum boundaries for the Earth social system (Raworth 2012) or the sustainable management of regional social-ecological system (Dearing et al 2014) . (iii) the third stage could focus on the dynamic (interaction, feedbacks, and non-linearity) relationships between social-ecological systems, focusing on the drivers that can move the social system beyond the safe operating space. (iv) a fourth stage could extend the approach further by investigating how the feedbacks from the social-ecological systems influence the safe operating space for the Earth system. Figure 3a shows the comparison of behaviour pattern derived from empirical (regression) analysis, graphical function and historical time series of crop production. Figure 3b and 3c illustrate that model is not highly sensitive to any parameters. Figure 3d illustrates the comparison of behaviour pattern derived from the model base run after the structure validation of the system model and historical time series of crop production. Light green lines (CI) in figure 3a and 3d denote the 95% confidence interval (CI) bands of historical crop production data. Figure 4 . Conceptual system dynamic model of social-ecological system in Bangladesh delta. This system model developed using the empirical analysis, followed by stakeholder engagement to validate the structure of the social-ecological system. The positive (+) and negative (-) signs denote respectively the positive and negative relationships between the variables. In addition, the solid lines depicts the strong relationships, whereas, the dotted line depicts the week relationship between the variables.
In our first approach of defining safe operating space at the regional scale, we did not model the black marked variables because of the complexities and lack of information in defining the relationships such as for migration, and also the fact that some of the human wellbeing indicators (e.g. education, sanitation) are strongly dependent on development aid and exhibited week relation with crop production at household level via income. Figure 5 Conceptual framework attributing 'safe', 'cautious' and 'dangerous' status of social-ecological system. We have combined envelope of variability and environmental limit approach in relation to the social system to define safe operating space. Status defined as 'safe' (green) if the system is within the normal envelope of variability according to the time series data and defined as 'dangerous' (red) state when the trend is out of the normal envelope of variability and if this outside the envelope trend is negatively effecting society (Jax 2014; Scheffer 2009 ). The status also defined as 'cautious' if the trend of social indicator is within the normal envelope of variability but following a negative trend compared to the reference trend (historical data). Figure 6 Safe operating space simulated for the social-ecological system in Bangladesh delta. Colour coded segments show the safe (green) and dangerous (red) status for crop production (a), income ha-1 at household (b), production cost ha-1 at household (c) and GDP shared by agriculture (d) in Bangladesh delta. Crop production declines 40% due to 2 oC temperature rise and also salinity increase beyond 4 dS/m due to water withdrawal (-40%) Scenario 8
This run simulates the effects of a 3.5 oC temperature rise and water withdrawal (-20%) in the dry season
Most of the rice sowing and growing periods are in the dry season when the plant requires irrigation through cannels which connect the field to the rivers.
A substantial decrease in water flow during the dry season also influences soil salinity through rising groundwater levels. Increases in soil salinity substantially affect rice production, although modern rice varieties can withstand soil salinity levels of up to 4 dS/m with current technology Table 2 Two sample t-test to compare three time series (N = 50) of historical data, simulation results using graphical function and regression approaches. After normalizing the data, we run t-test between; 1) simulation results using graphical function and historical time series data; 2) simulation results using graphical function and historical time series data and; 3) simulation results and historical data. The significance level smaller than 0.05 (e.g. 0.00) indicates that the null hypothesis is rejected and the mean for the two variables is different from the hypothesized value. 
